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ABSTRACT 
The flow-induced noise can be very disturbing to the users in the HVAC&R system. The flow-induced noise varies
with the flow regimes near the expansion device, especially related to the flow regimes before entering the expansion
device. The flow regimes are not only related to the mass flow rate of the flow and the quality of the flow but also
related to the gravity orientation of the flow. Therefore, the flow regimes in the tube with different orientations can be
different. In this paper, the comparison of the psychoacoustic annoyance of flow-induced noise with different needle
valve installations is studied. A needle valve is connected to the system, and the microphone is used as the noise 
measuring technique. The installation includes the horizontal tube directions, the vertical upward tube directions, the
45o inclined upward tube directions, the 45o inclined downward tube directions, and the vertical downward tube
directions. Also, the flow-induced noise generated by an angle valve is used to compare with the straight valve. The
results show that the annoyance of flow-induced noise increases as the flow quality increases. Also, it shows that it is
the void fraction of the flow other than the quality of the flow that influences the intensity of flow-induced noise. The
vertical upward tube installation is the best installation of all five options. The possible explanation is that the flow's
void fraction is the lowest as the flow goes vertical upwards. In this case, the intensity of the noise of the case should
be the lowest as well. An angle valve is installed as a comparison. It shows that the inlet flow regimes are the primary
influence of flow-induced noise for flow-induced noise. The annoyance of which is close to the flow-induced noise
of straight valve with horizontal direction.
1. INTRODUCTION 
In air conditioning systems, four basic components induce different types of noise. These noises can be of great
annoyance to people in close proximity. There are a total of four noise types that exist in HVAC&R systems. The 
most noticeable noise is the mechanical, low-frequency noise generated by the compressor. The mechanical noise 
coming from the compressor appears continuously when the compressor begins to work. Its frequency is on the order
of 200 Hz. However, in many systems, the compressor can be placed far from occupants. The flow-induced noise 
appearing in heat exchangers has frequencies of approximately 1000 Hz. The core’s acoustical resonances cause the
noise in the evaporator. In many systems, the expansion valve is mounted in close proximity to the evaporator to
reduce the tubes' length carrying cold low-pressure refrigerant. Therefore, the flow-induced noise of both devices
usually appears together. When the compressor begins to work, a transit tonal noise can occur in the cavities around
the refrigerant charge ports, located on both the high- and low-pressure sides of the system. The flow-induced acoustic
resonances of closed cavities make the flow-induced noise even louder. The cavity noise is above 2000 Hz and is
weakened as the steady-state is reached (Thawani and Liu, 2007). The flow-induced noise that appears in the
expansion device can be on the order of thousands of Hertz. The expansion device is usually located close to system
users, so that this type of noise is often more noticeable than the other noise types encountered in HVAC&R systems. 
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The rule of flow-induced noise varying with flow regimes is of most concern. Kim et al. (2019) showed simultaneous
measurements of flow-induced noise and flow regimes in both vertical and horizontal directions in an R410A system. 
No studies related to the inclined directions are discussed. Also, the testing valve in most studies is usually focused
on a straight valve. In this paper, a detailed analysis related to the flow-induced noise for different tube installations
is displayed. Therefore, the best valve installation can be selected. Also, the angle valve's flow-induced noise is
compared to the flow-induced noise generated by the straight valve. The results can help find a more efficient and
economical way to reduce flow-induced noise near the expansion devices. 
2. METHODOLOGY 
2.1 Void fraction correlation
Woldesemayat and Ghajar (2007) proposed a void fraction correlation for two-phase flow having different
inclinations. Woldesemayat and Ghajar’s correlation gives better predictions for horizontal, inclined, and vertical flow
than other models. The expressions are shown in equations 1 to 3: 
Gx
Uv = (1)ρv 
G(1−x)
Ul = (2)ρl 
−10.1
ρv 0.25 patm ( )Ul ρl gσ|ρl−ρg| psys }α = Uv {Uv (1 + ( ) ) + 2.9 ( ) (1.22 + 1.22sinθ) (3)Uv 2ρl 
From equations 1 to 3, the flow void fraction is influenced by flow orientations. The lowest void fraction appears
when the flow orientation is vertical upward. Therefore, the amplitude of flow-induced noise for the vertical upward
orientation should be the smallest. 
2.2 Influence of void fraction on flow-induced noise
The oscillation of bubbles causes the pressure variation of the flow. The pressure variation of the flow is the main
source of flow-induced noise. For one thing, bubbles will be generated during the throttling process. Many cavitation
bubbles appear at downstream of TXV because of the sudden pressure change. Large bubbles before the TXV pass
through the orifice and convert to small bubbles at the valve outlet. The existence of bubbles near the expansion
devices causes the high-frequency flow-induced noise. The natural frequency of a spherical bubble is given by
equation 4 (Minnaert, 1933): 
1 3ΥPlfna = √ (4)2πreq ρl 
In this paper, the polytropic exponent is set as 1.4.
The bubble number density is determined by the flow void fraction, the definition of which is shown in equation 5:
α
Nb = 4 3 (5)πreq3 
A higher void fraction indicates more bubbles appear near the expansion devices, and therefore, the pressure variation 
of the flow is more severe. In this case, the flow-induced noise should be louder.  
2.3 Psychoacoustic annoyance 
Most studies focus only on the objective sound amplitude comparison when investigating flow-induced noise.
However, the sound quality evaluation is related to the sound's amplitude and the noise's frequency. The
psychoacoustic annoyance (PA) is a quantitative parameter that specifies the annoyance of people experienced.
In the psychoacoustic noise evaluation system, the parameter used to evaluate the sound's amplitude is called loudness. 
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Loudness is a subjective perception of sound pressure. By dividing sensitive human audible frequency range (20 Hz
and 15.5 kHz) into 24 barks, the definition of loudness is defined in equation 6 (Fastl and Zwicker, 1999):
24Bark 
L = ∫ N′(k)dk (6)
0 
The sound pressure level describes the amplitude of sound at a certain frequency, while the loudness describes the
overall subjective perception of flow-induced noise within a period. The relationship between the average sound
pressure level and the loudness within a period is given in equation 7:
SPL = 30 + 33.2log10(L) (7)
In the psychoacoustic noise evaluation system, the parameter used to evaluate sound frequency is called sharpness.
Higher sharpness indicates a larger proportion of high-frequency noise. The definition of sharpness is given in equation
8 and equation 9 (Fastl and Zwicker, 1999):
24Bark 
∫ N′(k)g′(k)k dk 
S = 0.11 0 (8)24Bark 
∫0 N
′(k)dk 
k < 14 g′(k) = 1
{ (9)
k > 14 g′(k) = 0.00012k4 − 0.0056k3 + 0.1k2 − 0.81k + 3.51
Roughness and fluctuation strength quantify the subjective perception of flow-induced noise related to modulation.
Therefore, the paper does not consider roughness terms and fluctuation strength terms. The expression of
psychoacoustic annoyance can be simplified in equation 10 and equation 11 (Fastl and Zwicker, 1999):
PA = N5(1 + wSL) (10)
wSL = (S − 1.75) 0.25log(N5 + 10) S > 1.75{ (11)
0 S < 1.75 
Where represents that loudness value that exceeds 95% of the noise loudness within measuring time. 
3. EXPERIMENTAL SETUP 
In this experiment, a pumped loop with R134a is used for circulation, as shown in Figure 1a. A needle valve is used
as a throttling device. The test sections are located in a semi-anechoic chamber. Figure 1b shows that a high-speed
camera faces the visualization tubes for flow regime observations at the needle valve inlet. The microphone is about
2 cm from the needle valve. The straight valve is SS-1RS6, and the angle valve is SS-1RS6-A. In this case, the internal
structure for the needle valve and the angle valve is the same. Each turn of the needle valve is divided into 42 pieces
so that the open state of the angle valve and the straight valve can be controlled. As shown in Figure 2, the straight
valve is installed in five directions: vertical downward installation (Figure 2a), vertical upward installation (Figure
2b), 45o inclined downward installation (Figure 2c), and horizontal installation (Figure 2d), 45o inclined upward
installation (Figure 2e). As shown in Figure 2f, the upstream of the angle valve is horizontal. The downstream of the
angle valve is vertical downward. The external hot water loop controls the quality at the needle valve inlet. 
The sampling rate of the microphone is set to 44.2 kHz. The human audible zone is from 20 Hz to 20 kHz. After
transferring the noise signal from the time domain to the spectra domain, the spectra' frequency range is half the
sampling rate. There are a total of five thermocouples, two pressure transducers, and one mass flow meter in the loop.
A summary of uncertainty information is listed in Table 1. All testing cases are summarized in Table 2. 





























Figure 1. Experimental setup and system schematic (a) system schematic (c) high-speed camera
18th International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021
  
         
          
    
        
         
    
     
          
   
  
   
   
 
             





Figure 2. Visualization setup at expansion devices inlet for noise measurements (a) vertical tube with the downward
flow (b) vertical tube with the upward flow (c) inclined tube with downward flow (e) horizontal tube (d) inclined
tube with upward flow (f) angle valve installation directions
Table 1. Summary of measured and calculated property uncertainties
Thermocouple reading (℃) Mass flow rate reading (g/s) Pressure reading (kPa) Quality (–)
±0.5 ±0.1 ±7 ±0.06
Table 2. Summary of all testing conditions
Case Inlet pressure (kPa) Quality (-) -2 -1)Mass flux (kg m s 
1 935 0.4 400 
2 930 0.2 400 
3 940 0.1 400 
4 925 0.05 400 
4. RESULTS 
As shown in Figure 3, the flow-induced noise loudness increases as the flow void fraction increases. The exception
case appears when the needle valve inlet is annular flow. When the needle valve inlet is annular flow, the flow-induced
noise is less severe even with a high void fraction. The flow-induced noise for the vertical downward installations is 
18th International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021
  
  
          
         
          
            
             
            
          
            
            
          
               
          
         
         
              
              
           
            
             
           
            
            
          
        
             
        
               
              









the most severe in Figure 3, while the flow-induced noise for the vertical upward installations is the least severe. The
flow-induced noise loudness is close to the straight valve with the horizontal installation for the angle valve. The
results indicate that the flow void fraction mainly influences the loudness of flow-induced noise at the valve inlet.
When the flow regimes turn to the annular flow, the flow-induced noise becomes quieter as the flow quality increases.
The reason why annular flow-induced noise is less severe is that the liquid film sticks to the wall function as the
acoustic absorber. In this case, the annular flow-induced noise is mitigated by the liquid film.
Figure 4 shows that the stratified-wavy flow has the biggest sharpness compared with other flow patterns. The noise's
sharpness is not related to the mass flux or the flow quality but the flow regimes near the expansion devices. Near the
expansion devices, two types of noise are found: a gurgling noise and a hissing noise. The hissing noise has a higher
frequency but lower sound amplitude than the gurgling noise (Yingyue and Elbel, 2020). The gurgling noise distributes
from 4 kHz to 10 kHz, while the hissing noise distributes above 10 kHz. For the slug flow and stratified-wavy flow,
the hissing noise appears intermittently. The high-frequency hissing noise sounds more strident than the gurgling
noise. Interestingly, the sharpness of noise first increases and then decreases as the flow quality increases.
The same tendency can be investigated as mass flux increases. The paper gives possible reasons for the phenomenon.
Since that sharpness is defined as the weighted arithmetic mean value of loudness ratio to loudness. For one thing, the
sharpness is related to the proportion of high-frequency noise in the measured noise. For another, the sharpness will 
be influenced by the noise loudness. With the same proportion of high-frequency noise, the flow-induced noise with
higher loudness has higher noise sharpness. The hissing noise is quieter compared to the gurgling noise. Therefore,
the sharpness is small when the flow quality is low, such as slug flow and plug flow. As quality increases, the sharpness
should increase as the loudness of noise increases, such as stratified wavy flow. When the flow regimes turn to churn
flow and annular flow, the hissing noise disappears, and sound sharpness decreases. Since the increasing velocity
makes the sound more deepen, and the effect is especially marked for high tones (Minnaert, 1933). As the mass flux
increases, the sound sharpness should first increase because of ascending loudness. Then, the frequency of gurgling
noise decreases because of the increasing velocity. Therefore, the sharpness becomes low for high-mass-flux flow
patterns. Overall, the flow regimes' sharpness of flow-induced noise is influenced at both the valve inlet and outlet. 
Figure 5 shows the psychoacoustic annoyance of the flow-induced noise for different flow regimes. Compared to the
loudness map, the annular flow-induced noise is less annoying after considering the sound's sharpness. The annoyance
of flow-induced noise for the angle valve is close to the flow-induced noise's annoyance for the straight valve with the
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Figure 3. Loudness comparison for different installation cases 
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Figure 5. Psychoacoustic annoyance comparison for different installation cases
5. CONCLUSIONS 
In the paper, a pump R134a system with a straight needle valve and angle needle valve is utilized. The microphone
measurement and the high-speed camera measurement are used together to study the relationship between the flow-
induced noise and flow installation directions. The noise loudness increases with the inlet void fraction from the sound
quality analysis, and the flow regimes influence the sharpness at both valve inlet and outlet. The best valve installation
direction for a straight needle valve is vertical upward. The installation induces the least annoying noise. For the angle
valve, the sound quality of flow-induced noise is close to that of the straight needle valve. The flow regimes at the
angle valve outlet only influence the sharpness of the flow-induced noise. The results provide an economical way to
mitigate flow-induced noise. It is feasible to change the installation direction to reduce the flow-induced noise.
NOMENCLATURE
Symbols:
A annular flow (-)
𝑓 frequency (Hz)
𝑔 acceleration of gravity -2)(m s 
𝑔′ weighted coefficient (-)
𝐺 mass flux -2 -1)(kg m s 
ℎ pipe wall thickness (m)
I intermittent flow (-)
L loudness (sone)
𝑛 order of oscillation modes (-)
𝑁 bubble number density -3)(m 
N’ loudness density (sone bark-1)
𝑃 pressure (Pa)
PA psychoacoustic annoyance (-)
𝑟 radius (m)
𝑆 sharpness (acum)
SW stratified-wavy flow (-)
SPL sound pressure level (dB)
𝑢 superficial velocity -1)(m s 
𝑥 vapor mass fraction (quality) (-)











𝛶 polytropic exponent (-)
𝜎 surface tension -1)(N m 
𝜃 inclination angle (rad)
𝜌 density -3)(kg m 
𝛼 void fraction (-)
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